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Gaussian channels are the typical way to model the decoherence introduced by the environment
in continuous-variable quantum states. It is known that those channels can be simulated by a
teleportation protocol using as a resource state either a maximally entangled state passing through
the same channel, i.e., the Choi-state, or a state that is entangled at least as much as the Choi-
state. Since the construction of the Choi-state requires infinite mean energy and entanglement, i.e.
it is unphysical, we derive instead every physical state able to simulate a given channel through
teleportation with finite resources, and we further find the optimal ones, i.e., the resource states
that require the minimum energy and entanglement. We show that the optimal resource states
are pure and equally entangled to the Choi-state as measured by the entanglement of formation.
We also show that the same amount of entanglement is enough to simulate an equally decohering
channel, while even more entanglement can simulate less decohering channels. We, finally, use that
fact to generalize a previously known error correction protocol by making it able to correct noise
coming not only from pure loss but from thermal loss channels as well.
I. INTRODUCTION
Quantum decoherence is an inevitable feature of any
realistic quantum system, leading to errors in the infor-
mation encoded on it. This decoherence process is math-
ematically modeled through quantum channels, which in-
duce a corresponding transformation on the states pass-
ing through them. Understanding and correcting these
errors is the main theoretical and technological barrier
to quantum computation and communication overtaking
their classical counterparts.
Gaussian states constitute the optimal states for sev-
eral quantum protocols and are widely used in the pho-
tonics community due to the well-established techniques
for realizing them, e.g., via optical parametric amplifica-
tion [1–3]. The most typical kind of decoherence induced
on those states along their propagation through optical
fibers or free space is also Gaussian, and thus being able
to error correct this type of noise is vital for quantum
communication purposes.
A key tool in quantum information theory is telepor-
tation, originally developed for discrete variables (DV)[4]
and then extended to continuous-variable (CV) systems
[5–7]. Using entanglement as a resource, teleportation
allows a quantum state to be moved from one place
to another using classical communication. Realistically,
though, teleportation will not lead to a perfect recon-
struction, and thus the whole process can be thought of
as a quantum channel that induces noise on the initial
state [8, 9]. For Gaussian channels, it has been shown
that the inverse is also true. Every Gaussian channel
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can be simulated by a teleportation protocol iff the re-
source state is either a maximally entangled state passing
through the channel that we want to simulate, i.e., the
Choi-state, or a state that is at least equally entangled
to the Choi-state [10–14]. If, by distillation techniques, a
resource state can be established across the channel with
more entanglement than the Choi-state, then the simu-
lated teleportation channel may be less decohering than
the physical channel, i.e., the state passing through the
channel may be error corrected. Quantitatively identi-
fying the resources required for error correction is a key
open problem in CV quantum information.
In CV quantum information the Choi-state is not a
physical one, since its creation would require infinite en-
ergy. Recently it was asked if physical states (states with
finite mean energy), with the same entanglement as the
Choi-state, can be found that are able to perform channel
simulation via teleportation. Logarithmic negativity (see
Refs [15–18]) was used as the entanglement quantifier in
that analysis [19], and the result was that such states
cannot be found for all phase-insensitive Gaussian chan-
nels. In particular, pure loss and pure amplifier channels
were excluded.
In this work, we show that this negative result was
an artifact of the use of logarithmic negativity as the
quantifier of entanglement. Here, using entanglement
of formation as the quantifier [20–25], we prove that all
phase-insensitive Gaussian channels can be simulated via
teleportation with a physical resource state equally en-
tangled to the Choi-state, and we find the ones with the
minimum mean energy. The only exception is the iden-
tity, which is expected, since the identity channel repre-
sents an ideal teleportation, which by definition requires
maximal entanglement, and thus infinite energy.
We also propose an experimentally accessible way to
construct such finite mean energy resource states that can
either simulate the initial channel (for pure loss/ampli-
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2fier channels) or simulate another channel that decoheres
the entanglement of formation of an incoming state by
the same amount (for thermal loss/amplifier channels).
Further, we show that resource states with entanglement
more than the Choi-state are able to simulate channels
(thermal loss channels as an example) that decohere an
incoming state less than the initial channel, and thus er-
ror correct the quantum states. This error correction
protocol generalizes a previous one which was restricted
to pure loss channels [26, 27].
In sections II and III we review Gaussian states
and Gaussian channels, respectively, and introduce our
nomenclature. Quantification of entanglement is dis-
cussed in section IV, where entanglement of formation
is defined, and useful expressions for its quantification
are derived for relevant Gaussian systems. In section
V, we discuss the connection between quantum telepor-
tation and channel simulation, and we derive analytical
expressions for every possible resource state able to sim-
ulate a phase-insensitive Gaussian channel. Further, we
identify the optimal states, i.e., the ones that need the
minimum resources to be constructed, measured in en-
ergy and entanglement. Finally, in section VI, we intro-
duce and analyze our error correction protocol able to
correct Gaussian noise induced on Gaussian states.
II. GAUSSIAN STATES
Let us start by introducing the states that we are go-
ing to work with [1–3]. A quantum n-mode bosonic state
can be described by a vector of the quadrature field op-
erators qˆ := (xˆ1, pˆ1, . . . , xˆn, pˆn)
T , with xˆj := aˆj + aˆ
†
j and
pˆj := i(aˆ
†
j− aˆj), where aˆj and aˆ†j are the annihilation and
creation operators, respectively, with [aˆi,aˆ
†
j ]=δij .
A quantum state, where the first two moments of qˆ, i.e.,
the mean value and the variance, are sufficient for a com-
plete characterization is called Gaussian. In particular, a
null mean value (for simplicity) two-mode Gaussian state
can be fully described by a real and positive-definite ma-
trix called the covariance matrix, i.e., σij =
1
2 〈{qˆi, qˆj}〉,
where {, } is the anticommutator. In the standard form
σ is given by [28, 29]
σsf =
 a 0 c1 00 a 0 c2c1 0 b 0
0 c2 0 b
 , (1)
Entanglement in CV optical systems is manifested
by the correlations of the field operators xˆ and pˆ, and
it is typically created by pumping a nonlinear crystal
in a non-degenerate optical parametric amplifier. This
process is described by a Gaussian unitary known as
the two-mode squeezing operator defined as Sˆ2(r) :=
exp[r(aˆbˆ− aˆ†bˆ†)/2], where r ∈ R is the squeezing param-
eter (experimentally is often measured in deciBels, i.e.,
10 log10[e
2r] dB). By applying S2(r) to a couple of vacua,
we obtain a pure state called the two-mode squeezed
vacuum, with a covariance matrix elements given by
a = b = 1+χ
2
1−χ2 and c =
2χ
1−χ2 , where χ = tanh r ∈ [0, 1).
Using symplectic transformations, S, any covariance ma-
trix can be transformed into
ν = SσST = ν−1⊕ ν+1 , (2)
where 1 ≤ ν− ≤ ν+ are called symplectic eigenvalues
[16, 30].
III. GAUSSIAN CHANNELS
The decoherence introduced by the environment to a
quantum state can be described by a completely pos-
itive trace-preserving map called a quantum channel
[1, 3, 31]. The covariance matrix transformation that
a phase-insensitive single-mode Gaussian channel, G, in-
duces in a two-mode Gaussian state is
σout = G(σin) = (1⊕ U)σin(1⊕ U)T + (0⊕ V) , (3)
where U = √τ1 and V = v1. Significant phase-
insensitive Gaussian channels (see also Fig. 1) are the
following:
• loss channel, L, with transmissivity 0 < τ < 1 and
noise v = (1− τ)ε (pure loss for ε = 1, thermal loss
for ε > 1),
• amplifier channel, A, with gain τ > 1 and noise
v = (τ − 1)ε (pure amplifier for ε = 1, thermal
amplifier for ε > 1),
• classical additive noise channel, N , with τ = 1 and
noise v > 0,
• identity channel, I, with τ = 1 and v = 0, repre-
senting the ideal non-decohering channel.
A loss channel, L, is one which can be modeled as a
beam-splitter operation, Bˆ := exp[ϕ(aˆ†bˆ − aˆbˆ†)], with
transmissivity τ = cos2 ϕ, and a vacuum (shot noise
given by ε = 1) or a thermal state (ε > 1) at the other
input for pure or thermal loss, respectively. Similarly,
a pure or thermal amplifier channel, A, is modeled by
a two-mode squeezing operation (defined in section II)
with gain τ = cosh 2r and a vacuum or a thermal state
at the other input, respectively [32]. Classical additive
noise channel, N , is an asymptotic case of either loss
or thermal channels where τ ≈ 1 and a highly thermal
state, i.e., classical, at the other input. Finally, the iden-
tity channel, I, is an ideal case where the transmissivity/
gain is unity, τ = 1, so there is no interaction with the
environment and no noise is induced.
3FIG. 1. Gaussian Channels. The different classes of phase-
insensitive Gaussian channels are presented in this graph.
With blue we have the loss channels, L, and the dark blue line
indicates the specific case of pure loss channels. With brown
we have the amplifier channels, A, and, respectively, the dark
brown line represents the pure amplifier channels. The central
vertical grey line corresponds to the classical additive noise
channels, N , and the green dot indicates the identity channel,
I. Channels above the dashed line are entanglement-breaking
channels, i.e., v ≥ 1 + |τ |, and channels below the dark blue
and brown lines are non-physical. All quantities plotted are
dimensionless.
IV. QUANTIFYING ENTANGLEMENT
Entanglement in pure states is measured by the en-
tropy of entanglement defined as E(|ψ〉) := S(trB |ψ〉〈ψ|),
where S(x) := −tr(x log2 x) is the von Neumann entropy,
and trB denotes the partial trace over subsystem B. For
mixed states, there is a plethora of measures, which, in
general do not coincide with each other. A proper en-
tanglement measure for mixed states is entanglement of
formation, defined as the convex-roof extension of the von
Neumann entropy, E := inf{∑i piS(trB |ψi〉〈ψi|)} [20].
For two-mode Gaussian states [21–25] entanglement of
formation is given by
E(σ) := cosh2 ro log2(cosh2 ro)− sinh2 ro log2(sinh2 ro) ,
(4)
with ro representing the minimum two-mode squeezing
required to prepare a state σ [25]. When a single arm of
a two-mode squeezed vacuum goes through a channel G
with parameters τ and v, ro is given by
ro=
1
4
ln
1
2 [v−2√τ sinh(2r)+(1+τ) cosh(2r)]2
×
{
3+
[
2v2−(1−τ)2] cosh(4r)
+τ(3τ+2)+4v(1+τ) cosh(2r)
−4
√
v2−(1−τ)2 sinh(2r)[v cosh(2r)+1+τ ]
}
,
(5)
while for the corresponding case of an infinitely squeezed
state (χ = tanh r → 1), i.e., the Choi-state [10, 11], we
have
τ 6= 1 ⇒ rChoio =
1
4
ln
2v
[
v−√v2−(1−τ)2]−(1−τ)2
(1−√τ)4
,
(6a)
τ = 1 ⇒ rChoio =
1
4
ln
4
v2
. (6b)
Note that for v ≥ 1 + |τ |, we have an entanglement-
breaking channel [33, 34], i.e., the entanglement vanishes
and ro = 0 by definition.
V. QUANTUM TELEPORTATION AND
CHANNEL SIMULATION
Let us assume that we want to teleport a single-mode
of a (null mean valued) two-mode Gaussian state with
covariance matrix σin from one place (Lab 1) to another
(Lab 2). We need an entangled state shared between Lab
1 and Lab 2, called the resource state, i.e., a state with
a covariance matrix given by
ρ =
a 0 c 00 a 0 −cc 0 b 0
0 −c 0 b
 . (7)
In Lab 1, one arm of the resource state is mixed with
the input state through a balanced beam-splitter, fol-
lowed by a dual homodyne detection (measuring xˆ on
one arm and pˆ on the other), HD, and the results of
that measurement are sent to Lab 2 through a classical
channel, CC. Finally, in Lab 2, a displacement opera-
tion proportional to the results of these measurements,
D, is applied on the other arm of the resource state in or-
der to reconstruct the input state, i.e., teleport it, σout.
The above protocol, presented graphically in Fig. 2(i),
has been introduced in Ref. [6], while a review of CV
teleportation can be found in Ref. [35].
From a mathematical point of view, teleportation is
equivalent to a Gaussian channel transformation [8], as
pictured in Fig. 2(ii). Using the balanced correlated re-
source state given in Eq. 7, we get a phase-insensitive
channel with:
τ = λ , v = aλ− 2c
√
λ+ b , (8)
4FIG. 2. Teleportation and channel simulation. The tele-
portation protocol [6] is represented in figure (i) via its basic
components: a) the dual homodyne detection, HD, between
the resource state, ρ, and the initial state σin, b) the classical
channel, CC, c) the displacement, D, and d) the output state,
σout. In figure (ii) we have the corresponding channel that
the teleportation protocol simulates [8].
where λ ≥ 0 is the experimentally accessible gain of the
classical channel. Conversely, Gaussian channels can al-
ways be simulated via teleportation by using as a resource
state either the Choi-state or a finite mean energy state,
ρ, which is at least equally entangled to the Choi-state
[11–14]
E(ρ) ≥ E(GChoi) . (9)
Since the Choi-state is an unphysical one, our goal is to
find a physical resource state, ρ, able to simulate a Gaus-
sian channel G through teleportation. In order to do so,
we assume a resource state of the form given in Eq. 7
that satisfies Eq. 8. It is also convenient to express the
symplectic eigenvalues through the covariance matrix el-
ements, i.e., ν± =
√
(a+b)2−4c2±|a−b|
2 [30]. Then, solving
this system for a , b and c, and assuming a ≥ b, we end
up with a resource state with the following covariance
matrix elements:
a± =
(1− τ)(ν+ − ν−) + (1 + τ)v ± 2
√
τ(τν− − ν− + v)(ν+ − τν+ + v)
(τ − 1)2 , (10a)
b± =
τ(1− τ)(ν+ − ν−) + (1 + τ)v ± 2
√
τ(τν− − ν− + v)(ν+ − τν+ + v)
(τ − 1)2 , (10b)
c± =
τ(1− τ)(ν+ − ν−) + 2τv ± (1 + τ)
√
τ(τν− − ν− + v)(ν+ − τν+ + v)√
τ(τ − 1)2 , (10c)
which give two set of states, i.e., ρ±. For finite values
of ν± we get every physical state that can simulate a
given channel G with parameters τ and v. However, for
ν−(ρ−) = ν+(ρ−) = 1, both entanglement, E(ρ±), and
mean energy per mode, 〈aˆ†aˆ〉ρ± =
tr(ρ±)−4
8 , are mini-
mized, which corresponds to pure states with squeezing
parameter equal to
χopt =
2
√
τ −√(v + 1− τ)(v − 1 + τ)
τ + v + 1
. (11)
The entanglement of those states is exactly equal to
the corresponding Choi-state, E(ρopt) = E(GChoi), which
is the minimum possible needed for the simulation, satu-
rating Eq. 9. Thus, they are the optimum resource states
for channel simulation.
Note that states of the form of Eq. 11 were considered
in Ref. [19] for channel simulation, but since the anal-
ysis in that paper was based on logarithmic negativity
as the entanglement quantifier, the conclusion was that,
even though energetically preferable, they are more en-
tangled than the corresponding Choi-state, according to
this specific measure. For that reason, mixed states with
higher values of mean energy (see Eq. 9 in Ref. [19] that
corresponds to ν− = 1 and ν+ > 1) are considered the
optimal ones, since their logarithmic negativity is equal
to the desirable one. One further restriction using log-
arithmic negativity is that pure loss and pure amplifier
channels cannot be simulated with resource states equally
entangled to the Choi-state (the identity channel is also
excluded since it is fundamentally impossible to be sim-
ulated with finite energy).
In our analysis, on the other hand, using entanglement
of formation as the quantifier, we find that the optimal
resource states (given by Eq. 11) are equally entangled
to the corresponding Choi-state, they have the minimum
possible energy (since they are pure states), and they can
simulate all phase-insensitive channels (including pure
loss and pure amplifier but of course excluding the iden-
tity). Let us also mention that, by definition, entan-
glement of formation quantifies the minimum entangle-
ment needed to create a state, and thus we consider it
as the appropriate measure for calculating the minimum
required resources in channel simulation as well.
Finding the optimal resource state is a theoretical re-
sult that gives us physical insight, but has limited prac-
tical application, since, in a realistic scheme, physical
limitations exist in both the creation and the transmis-
5FIG. 3. Channel simulation through entanglement distilla-
tion. Figure (i) represents the channel, G, that we want to
simulate. Figure (ii) shows the resource state ρ, which is sent
through the same channel, G, and then through an entangle-
ment distillation process before it is used in a teleportation
protocol (see also Fig. 2). In figure (iii) we have the effec-
tive transformation for a successful distillation process, i.e.,
Ge and ρe, and finally in figure (iv) the simulated channel Gc,
which leads to a state σ′out.
sion of this state. In particular, let us assume that Lab
1 and Lab 2 are separated by a channel G. Instead of
sending directly a state through this channel, the two
Labs can apply a teleportation protocol. However, the
resource state that Lab 1, for instance, has created needs
necessarily to pass through the same decohering channel
that we started with, G, since this is the environmental
decoherence that is beyond our control. This channel,
though, will decrease the entanglement of the resource
state leading to a simulated channel, in general different
from the initial one. For that reason, Lab 2 needs to
apply an entanglement distillation protocol in order that
the entanglement of the resource state can be enough for
the desired simulation. Interestingly, Lab 2 can distill the
resource state even more and thus make the teleporta-
tion protocol simulate a less decohering channel, Gc, that
practically error corrects the state that we wanted to send
through channel G. The whole process is schematically
illustrated, step by step, in Fig. 3. In the next section
we discuss this realistic construction of the resource state
and the error correction protocol in detail.
VI. ERROR CORRECTION
Error correction is a process based on an added redun-
dancy, induced by either (i) embedding the state into a
multipartite entangled state or (ii) teleporting the state
using multiple distilled entangled pairs. The equivalence
of those two procedures (at least for DV systems) has
been shown in [20] and several protocols have been devel-
oped for both DV [20, 36, 37] and CV states [26, 38–43].
An ideal protocol would totally reconstruct the state
by removing all induced errors, so the fidelity [44–46]
between the input and output state (the squared overlap
between the corresponding probability distributions [47])
of the protocol would be equal to 1. In principle, this is
feasible in DV codes, since during the distillation pro-
cess we construct maximally entangled states, i.e., Bell
states. In CV codes, focused on Gaussian noise, fidelity
equal to 1 is impossible, since the corresponding maxi-
mally entangled states, i.e., EPR states, are unphysical.
Comparing non-unity fidelities is in general a meaningless
task, since the overlap between two probability distribu-
tions fails to take into account important features of the
state, e.g., classicality, separability, Gaussianity etc. A
thorough analysis of this issue can be found in Ref. [48],
while for the specific case of teleportation in Ref. [8]. A
characteristic example is presented in the Appendix A.
Since full reconstruction of the initial state is impos-
sible, our goal is to create a channel that induces less
decoherence than the initial one. In order to do so, we
apply the scheme illustrated in Fig. 3. In particular, let
us assume that in Lab 1 we have a Gaussian two-mode
squeezed vacuum state σin, and we want to send one arm
of it to Lab 2 through a channel G that decoheres it, giv-
ing the output state σout. This decoherence leads to a
noisy version of the initial state so our task is to remove
this noise as much as possible. This error correction pro-
cess is based on the teleportation protocol described in
the previous section V.
Error correction protocol. Lab 1 creates an entangled
state ρ, keeping one arm (assumed not decohered) and
sending the other to Lab 2 through channel G, which
models the unavoidable decoherence due to environmen-
tal noise. That channel reduces the entanglement of state
ρ, so Lab 2 performs a distillation protocol to increase it.
Distillation protocols are in general probabilistic, so as-
suming a successful protocol this step can be modeled as
an effective entangled state ρe passing through an effec-
tive channel Ge. Since Lab 1 and 2 have now established
an entangled state Ge(ρe), they use it as a resource state
to teleport σin. The more we distill the entanglement
of the resource state the less decohering is the simulated
channel, so at some point we can create an output state
σ′out less decohered (less noisy) than the output state
that we would get without the protocol, σout.
A. Pure Channels
For pure channels an equally decohering channel would
necessarily be identical with the initial one, since they
are only transmissivity/gain dependent. This can be
achieved by solving Eq. 8, for v = ±(1−λ) (plus sign for
6loss and minus for amplification). Assuming a successful
distillation we get an effective state Ge(ρe) (see Fig. 3(ii)
and Fig. 3(iii)), and using this effective state as a resource
state, shared between Lab 1 and 2, we apply a teleporta-
tion protocol in order to get a simulated channel, Gc (see
Fig. 3(iv)). The simulated channel due to the effective
resource state Ge(ρe), with covariance matrix elements
ae =
1+χ2e
1−χ2e , be = τe
1+χ2e
1−χ2e ± (1− τe) and ce =
2
√
τeχe
1−χ2e , is
Lc ≡ L with τc = λ = τeχ2e , (12a)
Ac ≡ A with τc = λ = τe/χ2e . (12b)
A trivial way to achieve that is when the resource state
is the Choi-state, i.e., χe → 1 and τe = τ . However, any
resource state with parameters such that τeχ
2
e = τ for loss
channels and τe/χ
2
e = τ for amplifier, would be equally
entangled to the Choi-state, i.e., E [Le(ρe)] = E(LChoi)
and E [Ae(ρe)] = E(AChoi), respectively, leading to the
same amount of distributed entanglement, E(σ′out) =
E(σout).
In order to induce less decoherence, i.e., E(σ′out) >
E(σout), and start the error correction, we would need
λ = τc > τ , which requires resource states with entan-
glement greater that the corresponding Choi-state, i.e.,
E [Le/Ae(ρe)] > E(LChoi/AChoi).
B. Thermal Channels
Assuming now that we have a thermal channel, we
have to solve again Eq. 8, for v = ±(1 − λ)θ (plus sign
for thermal loss and minus for thermal amplification),
with θ ≥ 1, using the corresponding effective covariance
matrix elements: ae =
1+χ2e
1−χ2e , be = τe
1+χ2e
1−χ2e ± (1 − τe)εe
and ce =
2
√
τeχe
1−χ2e . The teleportation part of the protocol
simulates the following quantum channel:
0 < λ ≤ 1 ⇒ Lc with {τc = λ, εc = θ}, (13a)
1 ≤ λ ≤ λmax ⇒ Ac with {τc = λ, εc = −θ}, (13b)
where
θ =
εe(τe−1)
(
χ2e−1
)
+χ2e(τe+λ)−4χe
√
τeλ+τe+λ
(λ−1) (χ2e−1)
,
and
λmax =
(εe+1)(1−τe)
2
+
3τe−εe(1−τe)−1−2
√
2τe(εe+1)(1−τe) (χ2e−1)
2χ2e
.
Simulating an identical thermal channel, i.e., Lc/Ac ≡
L/A, can be achieved only in the unphysical limit of
the Choi-state (using the above effective resource state).
However, if we focus only on the decoherence, we can
always create thermal channels that induce equal or less
decoherence than the initial one, i.e., E(σ′out) ≥ E(σout),
as long as E [Le/Ae(ρe)] ≥ E(LChoi/AChoi).
C. Error Correction with ideal NLA
Experimentally, the most challenging part of the pro-
tocol is the distillation of entanglement, that induces the
effective parameters needed for the above simulations. A
distillation technique useful for CV systems is noiseless
linear amplification (NLA) [49, 50]. For a loss channel,
the effective parameters {χe, τe, εe} have been computed
in Refs. [51, 52], but can also be found in the Appendix
B. Before we apply this technique, let us give a brief de-
scription on how NLA works.
NLA is a probabilistic procedure, described (in an ide-
alized fashion) by the operator gnˆ, that implements the
number state transformation,
gnˆ|n〉 → gn|n〉 , (14)
where g ≥ 1 is an experimentally accessible gain. Inter-
estingly, NLA can be used to distill entanglement, since
when, for instance, it is applied to a two-mode squeezed
vacuum, it probabilistically gives,
gnˆ
√
1− χ2
∑
χn|nn〉 →
√
1− χ2
∑
gnχn|nn〉 . (15)
Thus, when the NLA succeeds, the squeezing parame-
ter is increased, i.e., χ→ gχ, which implies entanglement
distillation.
For pure loss channels, using NLA, it has already been
shown [26, 27] that in order to simulate equally deco-
hering channels, i.e., τc = τ ⇒ E(σ′out) = E(σout) we
need g = 1/χ and λ = τeχ
2
e, while for g ≥ 1/χ we get
τc ≥ τ and thus E(σ′out) ≥ E(σout), so we start the error
correction.
For thermal loss channels, in order to reach that bound,
we need the same NLA gain, i.e., g = 1/χ, but we
also have to optimize over the teleportation gain, i.e.,
maxλ{E(σ′out)} = E(σout). As expected, g = 1/χ is also
the point when the resource state has entanglement equal
to the Choi-state, i.e., E [Le(ρe)] = E(LChoi). For NLA
gain greater than 1/χ, we get E [Le(ρe)] > E(LChoi) and
thus maxλ{E(σ′out)} ≥ E(σout), which implies error cor-
rection. A specific example is presented in Fig. 4.
NLA gain is upper bounded by a finite value 1 ≤ g ≤
gmax, beyond which the output state becomes unphysical.
There are two conditions here that we want to satisfy in
order the output distilled state to be physical. The first
one is 0 ≤ χe < 1, which corresponds to
1 ≤ g ≤ gχ =
√
τ(1−ε)+(ε+1) [1+(τ−1)χ2]
τ − 1+ε(τ−1) (χ2−1) +(τ+1)χ2 , (16)
and the second one εe ≥ 1, which corresponds to
1 ≤ g ≤ gε =
√
(1−ε2) (1−τ)+2√(ε2−1)τ
(ε−1) [τ+1+ε(τ−1)] , (17)
and so the maximum attainable gain is
gmax = min{gχ, gε} . (18)
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<latexit sha1_base64="cHwYlMryiRI4OK5M1k3rnf9371 I=">AAAC/HicbVJNb9QwEPWGr1K+WjhyMbhIhcMqyQW4VXDhWARLK22iauLMbq21nch2gJUb8Qu4wi/ghLjyX7jzQ3DSSHR3 O5Klp5k3b57tKWoprIvjP6PoytVr129s3dy+dfvO3Xs7u/c/2KoxHCe8kpU5LsCiFBonTjiJx7VBUIXEo2LxuqsffURjRaXf u2WNuYK5FjPBwYXUu33x9GSHxeO4D7oJkgEwMsThye7ob1ZWvFGoHZdg7TSJa5d7ME5wie121lisgS9gjtMANSi0ue+9tvRJ yJR0VplwtKN99mKHB2XtUhWBqcCd2vVal7ysNm3c7EXuha4bh5qfD5o1krqKdhenpTDInVwGANyI4JXyUzDAXXielSml7ayF e2j8xCulQJc+Kwy00yT3mSqqz34vk6DnEilL6Nleu8ZdoLvIPetYmekbem6Js44TJFnCUu+z8EOOJQMlezSIs7QvrKs70w7K AW267IenlxqlLF3x8b/zWaYQdO+5AONZ0rZhL5L1LdgEk3T8chy/TdnBq2FBtshD8pjsk4Q8JwfkDTkkE8LJnHwl38j36Ev 0I/oZ/TqnRqOh5wFZiej3P/tz9AQ=</latexit><latexit sha1_base64="cHwYlMryiRI4OK5M1k3rnf9371 I=">AAAC/HicbVJNb9QwEPWGr1K+WjhyMbhIhcMqyQW4VXDhWARLK22iauLMbq21nch2gJUb8Qu4wi/ghLjyX7jzQ3DSSHR3 O5Klp5k3b57tKWoprIvjP6PoytVr129s3dy+dfvO3Xs7u/c/2KoxHCe8kpU5LsCiFBonTjiJx7VBUIXEo2LxuqsffURjRaXf u2WNuYK5FjPBwYXUu33x9GSHxeO4D7oJkgEwMsThye7ob1ZWvFGoHZdg7TSJa5d7ME5wie121lisgS9gjtMANSi0ue+9tvRJ yJR0VplwtKN99mKHB2XtUhWBqcCd2vVal7ysNm3c7EXuha4bh5qfD5o1krqKdhenpTDInVwGANyI4JXyUzDAXXielSml7ayF e2j8xCulQJc+Kwy00yT3mSqqz34vk6DnEilL6Nleu8ZdoLvIPetYmekbem6Js44TJFnCUu+z8EOOJQMlezSIs7QvrKs70w7K AW267IenlxqlLF3x8b/zWaYQdO+5AONZ0rZhL5L1LdgEk3T8chy/TdnBq2FBtshD8pjsk4Q8JwfkDTkkE8LJnHwl38j36Ev 0I/oZ/TqnRqOh5wFZiej3P/tz9AQ=</latexit><latexit sha1_base64="cHwYlMryiRI4OK5M1k3rnf9371 I=">AAAC/HicbVJNb9QwEPWGr1K+WjhyMbhIhcMqyQW4VXDhWARLK22iauLMbq21nch2gJUb8Qu4wi/ghLjyX7jzQ3DSSHR3 O5Klp5k3b57tKWoprIvjP6PoytVr129s3dy+dfvO3Xs7u/c/2KoxHCe8kpU5LsCiFBonTjiJx7VBUIXEo2LxuqsffURjRaXf u2WNuYK5FjPBwYXUu33x9GSHxeO4D7oJkgEwMsThye7ob1ZWvFGoHZdg7TSJa5d7ME5wie121lisgS9gjtMANSi0ue+9tvRJ yJR0VplwtKN99mKHB2XtUhWBqcCd2vVal7ysNm3c7EXuha4bh5qfD5o1krqKdhenpTDInVwGANyI4JXyUzDAXXielSml7ayF e2j8xCulQJc+Kwy00yT3mSqqz34vk6DnEilL6Nleu8ZdoLvIPetYmekbem6Js44TJFnCUu+z8EOOJQMlezSIs7QvrKs70w7K AW267IenlxqlLF3x8b/zWaYQdO+5AONZ0rZhL5L1LdgEk3T8chy/TdnBq2FBtshD8pjsk4Q8JwfkDTkkE8LJnHwl38j36Ev 0I/oZ/TqnRqOh5wFZiej3P/tz9AQ=</latexit>
E
max
 
{E( 0out)}
E [Le(⇢e)]
<latexit sha1_base64="Gwd6VdEVw 2VrdRB4up34cVCKIJs=">AAADKnicbVLNbtQwEPaGv1L+tnDkYkiRCodtEiE BtwqExIFDkVhaKY4ix5nsRms7ke0AKzePwWPwBFzhCThVXPsgOGkE3d2OZPnT zDczn8eT1bzUJghOR96Vq9eu39i6uX3r9p2798Y79z/pqlEMpqzilTrOqAZe Spia0nA4rhVQkXE4yhZvuvjRZ1C6rORHs6whEXQmy6Jk1DhXOt4ngpo5o9y+b eN/+H2bwh7JKp7rpXCXJWpepdA+TdKxH0yC3vAmCAfgo8EO053RGckr1giQh nGqdRwGtUksVaZkHNpt0mioKVvQGcQOSipAJ7Z/WYufOE+Oi0q5Iw3uvRczLB W6k+iYnXa9Huucl8XixhQvE1vKujEg2XmjouHYVLgbE85LBczwpQOUqdJpxW xOFWXGDXOlS647ae4dEr6wSggqc0syRds4TCxx0/tqdwmncsYB+yE+2W3XuAs wF7knHYuoPqHn5lB0HFfSD/3IWuL+0/jhQCGPhuJ+1AfWqxvVDpUd2lTZN48 uFYr9aEXH/8xnRACVveaMKuuHbev2Ilzfgk0wjSavJsGH5/7B62FBttBD9Bjt oRC9QAfoHTpEU8TQN/QD/US/vO/eb+/U+3NO9UZDzgO0Yt7ZX0Y1B/I=</la texit><latexit sha1_base64="Gwd6VdEVw 2VrdRB4up34cVCKIJs=">AAADKnicbVLNbtQwEPaGv1L+tnDkYkiRCodtEiE BtwqExIFDkVhaKY4ix5nsRms7ke0AKzePwWPwBFzhCThVXPsgOGkE3d2OZPnT zDczn8eT1bzUJghOR96Vq9eu39i6uX3r9p2798Y79z/pqlEMpqzilTrOqAZe Spia0nA4rhVQkXE4yhZvuvjRZ1C6rORHs6whEXQmy6Jk1DhXOt4ngpo5o9y+b eN/+H2bwh7JKp7rpXCXJWpepdA+TdKxH0yC3vAmCAfgo8EO053RGckr1giQh nGqdRwGtUksVaZkHNpt0mioKVvQGcQOSipAJ7Z/WYufOE+Oi0q5Iw3uvRczLB W6k+iYnXa9Huucl8XixhQvE1vKujEg2XmjouHYVLgbE85LBczwpQOUqdJpxW xOFWXGDXOlS647ae4dEr6wSggqc0syRds4TCxx0/tqdwmncsYB+yE+2W3XuAs wF7knHYuoPqHn5lB0HFfSD/3IWuL+0/jhQCGPhuJ+1AfWqxvVDpUd2lTZN48 uFYr9aEXH/8xnRACVveaMKuuHbev2Ilzfgk0wjSavJsGH5/7B62FBttBD9Bjt oRC9QAfoHTpEU8TQN/QD/US/vO/eb+/U+3NO9UZDzgO0Yt7ZX0Y1B/I=</la texit><latexit sha1_base64="Gwd6VdEVw 2VrdRB4up34cVCKIJs=">AAADKnicbVLNbtQwEPaGv1L+tnDkYkiRCodtEiE BtwqExIFDkVhaKY4ix5nsRms7ke0AKzePwWPwBFzhCThVXPsgOGkE3d2OZPnT zDczn8eT1bzUJghOR96Vq9eu39i6uX3r9p2798Y79z/pqlEMpqzilTrOqAZe Spia0nA4rhVQkXE4yhZvuvjRZ1C6rORHs6whEXQmy6Jk1DhXOt4ngpo5o9y+b eN/+H2bwh7JKp7rpXCXJWpepdA+TdKxH0yC3vAmCAfgo8EO053RGckr1giQh nGqdRwGtUksVaZkHNpt0mioKVvQGcQOSipAJ7Z/WYufOE+Oi0q5Iw3uvRczLB W6k+iYnXa9Huucl8XixhQvE1vKujEg2XmjouHYVLgbE85LBczwpQOUqdJpxW xOFWXGDXOlS647ae4dEr6wSggqc0syRds4TCxx0/tqdwmncsYB+yE+2W3XuAs wF7knHYuoPqHn5lB0HFfSD/3IWuL+0/jhQCGPhuJ+1AfWqxvVDpUd2lTZN48 uFYr9aEXH/8xnRACVveaMKuuHbev2Ilzfgk0wjSavJsGH5/7B62FBttBD9Bjt oRC9QAfoHTpEU8TQN/QD/US/vO/eb+/U+3NO9UZDzgO0Yt7ZX0Y1B/I=</la texit>
E( out)
E(LChoi)
g g=1/ <latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2 sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8 sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXv Kg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6 s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit><latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2 sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8 sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXv Kg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6 s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit><latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2 sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8 sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXv Kg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6 s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit> gmax<latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit><latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit><latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit>
(ii)
<latexit sha1_base64="61O+YRgWGTyn53TckFbX3Nd9FZI=">AAAC/XicbVJNb9QwEPWGr1I+2sKRi8FFKhxWSS7ArYIL xyKxtNI6qhxnsmut7US2A6zcSPwCrvALOFW98lu480Nw0kh0dzuSpaeZN2+e7clrKayL4z+j6MbNW7fvbN3dvnf/wcOd3b1Hn2zVGA4TXsnKnOTMghQaJk44CSe1AaZyCcf54l1XP/4MxopKf3TLGjLFZlqUgjPXpQ6EeHG6S+Jx3AfeBMkACBri6HRv9JcW FW8UaMcls3aaxLXLPDNOcAntNm0s1Iwv2AymAWqmwGa+N9vi5yFT4LIy4WiH++zVDs+UtUuVB6Zibm7Xa13yutq0ceXrzAtdNw40vxxUNhK7Cnc3x4UwwJ1cBsC4EcEr5nNmGHfhfVamFLazFu6h4QuvlGK68DQ3rJ0mmacqr776fSqZnknAJMFn++0adwHu KvesY1HTN/TcAsqOEyRJQlLvafgiR5KBQp8O4iTtC+vqzrSDckCbLvvh6bVGMUlXfPzvfEkVMN17zpnxJGnbsBfJ+hZsgkk6fjOOP6Tk8O2wIFvoCXqGDlCCXqFD9B4doQniaI6+ox/oZ/Qt+hWdRxeX1Gg09DxGKxH9/gcyC/R3</latexit><latexit sha1_base64="61O+YRgWGTyn53TckFbX3Nd9FZI=">AAAC/XicbVJNb9QwEPWGr1I+2sKRi8FFKhxWSS7ArYIL xyKxtNI6qhxnsmut7US2A6zcSPwCrvALOFW98lu480Nw0kh0dzuSpaeZN2+e7clrKayL4z+j6MbNW7fvbN3dvnf/wcOd3b1Hn2zVGA4TXsnKnOTMghQaJk44CSe1AaZyCcf54l1XP/4MxopKf3TLGjLFZlqUgjPXpQ6EeHG6S+Jx3AfeBMkACBri6HRv9JcW FW8UaMcls3aaxLXLPDNOcAntNm0s1Iwv2AymAWqmwGa+N9vi5yFT4LIy4WiH++zVDs+UtUuVB6Zibm7Xa13yutq0ceXrzAtdNw40vxxUNhK7Cnc3x4UwwJ1cBsC4EcEr5nNmGHfhfVamFLazFu6h4QuvlGK68DQ3rJ0mmacqr776fSqZnknAJMFn++0adwHu KvesY1HTN/TcAsqOEyRJQlLvafgiR5KBQp8O4iTtC+vqzrSDckCbLvvh6bVGMUlXfPzvfEkVMN17zpnxJGnbsBfJ+hZsgkk6fjOOP6Tk8O2wIFvoCXqGDlCCXqFD9B4doQniaI6+ox/oZ/Qt+hWdRxeX1Gg09DxGKxH9/gcyC/R3</latexit><latexit sha1_base64="61O+YRgWGTyn53TckFbX3Nd9FZI=">AAAC/XicbVJNb9QwEPWGr1I+2sKRi8FFKhxWSS7ArYIL xyKxtNI6qhxnsmut7US2A6zcSPwCrvALOFW98lu480Nw0kh0dzuSpaeZN2+e7clrKayL4z+j6MbNW7fvbN3dvnf/wcOd3b1Hn2zVGA4TXsnKnOTMghQaJk44CSe1AaZyCcf54l1XP/4MxopKf3TLGjLFZlqUgjPXpQ6EeHG6S+Jx3AfeBMkACBri6HRv9JcW FW8UaMcls3aaxLXLPDNOcAntNm0s1Iwv2AymAWqmwGa+N9vi5yFT4LIy4WiH++zVDs+UtUuVB6Zibm7Xa13yutq0ceXrzAtdNw40vxxUNhK7Cnc3x4UwwJ1cBsC4EcEr5nNmGHfhfVamFLazFu6h4QuvlGK68DQ3rJ0mmacqr776fSqZnknAJMFn++0adwHu KvesY1HTN/TcAsqOEyRJQlLvafgiR5KBQp8O4iTtC+vqzrSDckCbLvvh6bVGMUlXfPzvfEkVMN17zpnxJGnbsBfJ+hZsgkk6fjOOP6Tk8O2wIFvoCXqGDlCCXqFD9B4doQniaI6+ox/oZ/Qt+hWdRxeX1Gg09DxGKxH9/gcyC/R3</latexit>
E
⌧
<latexit sha1_base64="eGow5S3FFcxZyOpMXPQxW6JwQRI=">AAAC/XicbVJNb9QwEPWGr1K+WjhyMbhIiMM qiZCAWwUXjkViaaVNVE2c2V1rbSeyHWDlRuIXcIVfwAlx5bdw54fgpJHo7nYkS08zb94821PUUlgXx39G0ZWr167f2Lm5e+v2nbv39vbvf7BVYzhOeCUrc1KARSk0TpxwEk9qg6AKicfF8k1XP/6IxopKv3erGnMFcy1mgoPrUpm D5nSPxeO4D7oNkgEwMsTR6f7ob1ZWvFGoHZdg7TSJa5d7ME5wie1u1lisgS9hjtMANSi0ue/NtvRJyJR0VplwtKN99mKHB2XtShWBqcAt7GatS15WmzZu9jL3QteNQ83PB80aSV1Fu5vTUhjkTq4CAG5E8Er5AgxwF95nbUppO2v hHho/8Uop0KXPCgPtNMl9porqsz/IJOi5RMoSenbQbnCX6C5yzzpWZvqGnlvirOMESZaw1PssfJFjyUDJHg3iLO0Lm+rOtINyQNsu++HppUYpS9d8/O98likE3XsuwHiWtG3Yi2RzC7bBJB2/GsfvnrPD18OC7JCH5DF5ShLyghy St+SITAgnC/KVfCPfoy/Rj+hn9OucGo2GngdkLaLf/wCGJvT8</latexit><latexit sha1_base64="eGow5S3FFcxZyOpMXPQxW6JwQRI=">AAAC/XicbVJNb9QwEPWGr1K+WjhyMbhIiMM qiZCAWwUXjkViaaVNVE2c2V1rbSeyHWDlRuIXcIVfwAlx5bdw54fgpJHo7nYkS08zb94821PUUlgXx39G0ZWr167f2Lm5e+v2nbv39vbvf7BVYzhOeCUrc1KARSk0TpxwEk9qg6AKicfF8k1XP/6IxopKv3erGnMFcy1mgoPrUpm D5nSPxeO4D7oNkgEwMsTR6f7ob1ZWvFGoHZdg7TSJa5d7ME5wie1u1lisgS9hjtMANSi0ue/NtvRJyJR0VplwtKN99mKHB2XtShWBqcAt7GatS15WmzZu9jL3QteNQ83PB80aSV1Fu5vTUhjkTq4CAG5E8Er5AgxwF95nbUppO2v hHho/8Uop0KXPCgPtNMl9porqsz/IJOi5RMoSenbQbnCX6C5yzzpWZvqGnlvirOMESZaw1PssfJFjyUDJHg3iLO0Lm+rOtINyQNsu++HppUYpS9d8/O98likE3XsuwHiWtG3Yi2RzC7bBJB2/GsfvnrPD18OC7JCH5DF5ShLyghy St+SITAgnC/KVfCPfoy/Rj+hn9OucGo2GngdkLaLf/wCGJvT8</latexit><latexit sha1_base64="eGow5S3FFcxZyOpMXPQxW6JwQRI=">AAAC/XicbVJNb9QwEPWGr1K+WjhyMbhIiMM qiZCAWwUXjkViaaVNVE2c2V1rbSeyHWDlRuIXcIVfwAlx5bdw54fgpJHo7nYkS08zb94821PUUlgXx39G0ZWr167f2Lm5e+v2nbv39vbvf7BVYzhOeCUrc1KARSk0TpxwEk9qg6AKicfF8k1XP/6IxopKv3erGnMFcy1mgoPrUpm D5nSPxeO4D7oNkgEwMsTR6f7ob1ZWvFGoHZdg7TSJa5d7ME5wie1u1lisgS9hjtMANSi0ue/NtvRJyJR0VplwtKN99mKHB2XtShWBqcAt7GatS15WmzZu9jL3QteNQ83PB80aSV1Fu5vTUhjkTq4CAG5E8Er5AgxwF95nbUppO2v hHho/8Uop0KXPCgPtNMl9porqsz/IJOi5RMoSenbQbnCX6C5yzzpWZvqGnlvirOMESZaw1PssfJFjyUDJHg3iLO0Lm+rOtINyQNsu++HppUYpS9d8/O98likE3XsuwHiWtG3Yi2RzC7bBJB2/GsfvnrPD18OC7JCH5DF5ShLyghy St+SITAgnC/KVfCPfoy/Rj+hn9OucGo2GngdkLaLf/wCGJvT8</latexit>
v
<latexit sha1_base64="i21vkrEvL29Egyv2071zob1APII=">AAAC+nicbVJNb9QwEPWGr1I+2 sKRi8FFQhxWSYQE3Cq4cGwlllbaRNXEmd1aazuR7RRWbn4BV/gFnBBX/gx3fghOGonubkey9DTz5s2zPUUthXVx/GcU3bh56/adrbvb9+4/eLizu/fok60aw3HCK1mZkwIsSqFx4oSTeFIbBFVIPC4W77 v68TkaKyr90S1rzBXMtZgJDi6kjs5Pd1k8jvugmyAZACNDHJ7ujf5mZcUbhdpxCdZOk7h2uQfjBJfYbmeNxRr4AuY4DVCDQpv73mlLn4dMSWeVCUc72mevdnhQ1i5VEZgK3Jldr3XJ62rTxs3e5F7ounG o+eWgWSOpq2h3bVoKg9zJZQDAjQheKT8DA9yFx1mZUtrOWriHxs+8Ugp06bPCQDtNcp+povri9zMJei6RsoRe7Ldr3AW6q9yLjpWZvqHnljjrOEGSJSz1Pgv/41gyULKngzhL+8K6ujPtoBzQpst+eHqt UcrSFR//O19mCkH3ngswniVtG/YiWd+CTTBJx2/H8dErdvBuWJAt8oQ8Iy9IQl6TA/KBHJIJ4QTJV/KNfI/a6Ef0M/p1SY1GQ89jshLR73//hfOu</latexit><latexit sha1_base64="i21vkrEvL29Egyv2071zob1APII=">AAAC+nicbVJNb9QwEPWGr1I+2 sKRi8FFQhxWSYQE3Cq4cGwlllbaRNXEmd1aazuR7RRWbn4BV/gFnBBX/gx3fghOGonubkey9DTz5s2zPUUthXVx/GcU3bh56/adrbvb9+4/eLizu/fok60aw3HCK1mZkwIsSqFx4oSTeFIbBFVIPC4W77 v68TkaKyr90S1rzBXMtZgJDi6kjs5Pd1k8jvugmyAZACNDHJ7ujf5mZcUbhdpxCdZOk7h2uQfjBJfYbmeNxRr4AuY4DVCDQpv73mlLn4dMSWeVCUc72mevdnhQ1i5VEZgK3Jldr3XJ62rTxs3e5F7ounG o+eWgWSOpq2h3bVoKg9zJZQDAjQheKT8DA9yFx1mZUtrOWriHxs+8Ugp06bPCQDtNcp+povri9zMJei6RsoRe7Ldr3AW6q9yLjpWZvqHnljjrOEGSJSz1Pgv/41gyULKngzhL+8K6ujPtoBzQpst+eHqt UcrSFR//O19mCkH3ngswniVtG/YiWd+CTTBJx2/H8dErdvBuWJAt8oQ8Iy9IQl6TA/KBHJIJ4QTJV/KNfI/a6Ef0M/p1SY1GQ89jshLR73//hfOu</latexit><latexit sha1_base64="i21vkrEvL29Egyv2071zob1APII=">AAAC+nicbVJNb9QwEPWGr1I+2 sKRi8FFQhxWSYQE3Cq4cGwlllbaRNXEmd1aazuR7RRWbn4BV/gFnBBX/gx3fghOGonubkey9DTz5s2zPUUthXVx/GcU3bh56/adrbvb9+4/eLizu/fok60aw3HCK1mZkwIsSqFx4oSTeFIbBFVIPC4W77 v68TkaKyr90S1rzBXMtZgJDi6kjs5Pd1k8jvugmyAZACNDHJ7ujf5mZcUbhdpxCdZOk7h2uQfjBJfYbmeNxRr4AuY4DVCDQpv73mlLn4dMSWeVCUc72mevdnhQ1i5VEZgK3Jldr3XJ62rTxs3e5F7ounG o+eWgWSOpq2h3bVoKg9zJZQDAjQheKT8DA9yFx1mZUtrOWriHxs+8Ugp06bPCQDtNcp+povri9zMJei6RsoRe7Ldr3AW6q9yLjpWZvqHnljjrOEGSJSz1Pgv/41gyULKngzhL+8K6ujPtoBzQpst+eHqt UcrSFR//O19mCkH3ngswniVtG/YiWd+CTTBJx2/H8dErdvBuWJAt8oQ8Iy9IQl6TA/KBHJIJ4QTJV/KNfI/a6Ef0M/p1SY1GQ89jshLR73//hfOu</latexit>
g=1
<latexit sha1_base64="VFGad4ofwbAbqqc51Yqwup+ktqs=">AAAC/nicbVJNb9QwEPWGr1I+2sKRi8FFQhxWcYQEHJAquHAsEqGVNlHlOJOttbYT2Q6wcnPgF3CFX8AJceWvcOeH4 KSR6O52JEtPM2/ePNtTNFJYF8d/JtGVq9eu39i6uX3r9p27O7t79z7YujUcUl7L2hwXzIIUGlInnITjxgBThYSjYvGmrx99BGNFrd+7ZQO5YnMtKsGZC6l07l919GSXxNN4CLwJ6AgIGuPwZG/yNytr3irQjktm7YzGjcs9M05wCd121lpoGF+wOcwC1EyBzf3gtsOPQ6bEVW3C0Q4P2Ysdnilrl6oITMXcqV2v9cnLarPWVS9yL3TTOtD8fFDVSuxq3F8dl8IAd3IZAONGBK+YnzL DuAsPtDKltL21cA8Nn3itFNOlzwrDuhnNfaaK+rPfzyTTcwmYUHy2361xF+Aucs96VmaGhoFbQtVzgiShJPE+C3/kCB0p2cNRnCRDYV3dmW5UDmjT5TA8udQoJsmKj/+dTzMFTA+eC2Y8oV0X9oKub8EmSJPpy2n87hk5eD0uyBZ6gB6hJ4ii5+gAvUWHKEUcCfQVfUPfoy/Rj+hn9OucGk3GnvtoJaLf/wASsvUt</latexit><latexit sha1_base64="VFGad4ofwbAbqqc51Yqwup+ktqs=">AAAC/nicbVJNb9QwEPWGr1I+2sKRi8FFQhxWcYQEHJAquHAsEqGVNlHlOJOttbYT2Q6wcnPgF3CFX8AJceWvcOeH4 KSR6O52JEtPM2/ePNtTNFJYF8d/JtGVq9eu39i6uX3r9p27O7t79z7YujUcUl7L2hwXzIIUGlInnITjxgBThYSjYvGmrx99BGNFrd+7ZQO5YnMtKsGZC6l07l919GSXxNN4CLwJ6AgIGuPwZG/yNytr3irQjktm7YzGjcs9M05wCd121lpoGF+wOcwC1EyBzf3gtsOPQ6bEVW3C0Q4P2Ysdnilrl6oITMXcqV2v9cnLarPWVS9yL3TTOtD8fFDVSuxq3F8dl8IAd3IZAONGBK+YnzL DuAsPtDKltL21cA8Nn3itFNOlzwrDuhnNfaaK+rPfzyTTcwmYUHy2361xF+Aucs96VmaGhoFbQtVzgiShJPE+C3/kCB0p2cNRnCRDYV3dmW5UDmjT5TA8udQoJsmKj/+dTzMFTA+eC2Y8oV0X9oKub8EmSJPpy2n87hk5eD0uyBZ6gB6hJ4ii5+gAvUWHKEUcCfQVfUPfoy/Rj+hn9OucGk3GnvtoJaLf/wASsvUt</latexit><latexit sha1_base64="VFGad4ofwbAbqqc51Yqwup+ktqs=">AAAC/nicbVJNb9QwEPWGr1I+2sKRi8FFQhxWcYQEHJAquHAsEqGVNlHlOJOttbYT2Q6wcnPgF3CFX8AJceWvcOeH4 KSR6O52JEtPM2/ePNtTNFJYF8d/JtGVq9eu39i6uX3r9p27O7t79z7YujUcUl7L2hwXzIIUGlInnITjxgBThYSjYvGmrx99BGNFrd+7ZQO5YnMtKsGZC6l07l919GSXxNN4CLwJ6AgIGuPwZG/yNytr3irQjktm7YzGjcs9M05wCd121lpoGF+wOcwC1EyBzf3gtsOPQ6bEVW3C0Q4P2Ysdnilrl6oITMXcqV2v9cnLarPWVS9yL3TTOtD8fFDVSuxq3F8dl8IAd3IZAONGBK+YnzL DuAsPtDKltL21cA8Nn3itFNOlzwrDuhnNfaaK+rPfzyTTcwmYUHy2361xF+Aucs96VmaGhoFbQtVzgiShJPE+C3/kCB0p2cNRnCRDYV3dmW5UDmjT5TA8udQoJsmKj/+dTzMFTA+eC2Y8oV0X9oKub8EmSJPpy2n87hk5eD0uyBZ6gB6hJ4ii5+gAvUWHKEUcCfQVfUPfoy/Rj+hn9OucGk3GnvtoJaLf/wASsvUt</latexit>
gmax
<latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit><latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit><latexit sha1_base64="3a71r0U7Zwp1AsITcpafs9c6Mzo=">AAADB3icbVLNbtQwEPaGv1L+WjhyMbhIiMMqiZCAWwUXjkViaaV1WDnOZGut7US2A7ty8wI8AVd4Ak6IK4/BnQfBSSPR3e 1Ilj7NfPPNZ3vyWgrr4vjPKLpy9dr1Gzs3d2/dvnP33t7+/Q+2agyHCa9kZU5yZkEKDRMnnIST2gBTuYTjfPGmqx9/AmNFpd+7VQ2ZYnMtSsGZC6mP85mnDpbOK7Zs29keicdxH3gbJAMgaIij2f7oLy0q3ijQjktm7TSJa5d5ZpzgEtpd2lioGV+wOUwD1EyBzXxvu8VPQqbAZWXC0Q732YsdnilrVyoPTMXcqd2sdcnLatPGlS8zL3TdOND8fFDZSOwq3L0BLoQB7uQqAMaNCF4xP2WGcRde am1KYTtr4R4aPvNKKaYLT3PD2mmSearyaukPqGR6LgGTBJ8dtBvcBbiL3LOORU3f0HMLKDtOkCQJSb2n4bMcSQYKfTSIk7QvbKo70w7KAW277IenlxrFJF3z8b/zGVXAdO85Z8aTpN+LZHMLtsEkHb8ax++ek8PXw4LsoIfoMXqKEvQCHaK36AhNEEcGfUXf0PfoS/Qj+hn9OqdGo6HnAVqL6Pc/su/51w==</latexit>
g=1/ 
<latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM 2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXvKg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG 9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit><latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM 2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXvKg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG 9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit><latexit sha1_base64="H3lzjUNGjOqMHPND9KvyuK7RHqw=">AAADA3icbVJNb9QwEPWGr1I+2sKRi8FFQhyWOEICDkgVXDgWiaUVm6hynMmutbYT2Q6wcnPlF3CFX8AJceWHcOeH4KSR6O52JEtPM 2/ePNuT11JYF8d/RtGly1euXtu6vn3j5q3bO7t7d97bqjEcJrySlTnOmQUpNEyccBKOawNM5RKO8sXrrn70EYwVlX7nljVkis20KAVnLqQ+zPzLlj5J+Vyc7JJ4HPeBNwEdAEFDHJ7sjf6mRcUbBdpxyayd0rh2mWfGCS6h3U4bCzXjCzaDaYCaKbCZ7y23+GHIFLisTDja4T57vsMzZe1S5YGpmJvb9VqXvKg2bVz5PPNC140Dzc8GlY3ErsLd/XEhDHAnlwEwbkTwivmcGcZdeKWVKYXtrIV7aPjEK6WYLnyaG 9ZOaeZTlVef/X4qmZ5JwITi0/12jbsAd5572rFS0zf03ALKjhMkCSWJ92n4KEfoQEnvD+Ik6Qvr6s60g3JAmy774cmFRjFJVnz873ycKmC695wz4wlt27AXdH0LNsEkGb8Yx2+fkoNXw4JsoXvoAXqEKHqGDtAbdIgmiCONvqJv6Hv0JfoR/Yx+nVGj0dBzF61E9PsfYPD3Hg==</latexit>
entanglement-breaking
<latexit sha1_base64="KrMj9arifvqM3vZ7oOu0tjEvId8=">AAADEHicbVLNbtQwEPaGv1J+ugVx4mJwkRASqyQX4FbBhWORWFppE60cZ7K11j+R7QArN0/BE3CFJ+ CEuPIG3HkQnDQS3d2OFOnTzDfffJ5MUQtuXRz/GUVXrl67fmPn5u6t23fu7o33732wujEMpkwLbU4KakFwBVPHnYCT2gCVhYDjYvmmqx9/BGO5Vu/dqoZc0oXiFWfUhdR8/ACUo2ohQAbwvAitS64W8zGJJ3EfeBskAyBoiKP5/uhvVmrWdCpMUGtnSVy73FPjOBPQ7maNhZqyJV3ALEBFJdjc9/5b/CRkSlxpEz7lcJ+92OGptHYli8CU1J3azVqXvK w2a1z1Mvdc1Y0Dxc4HVY3ATuNuGbjkBpgTqwAoMzx4xeyUGspcWNnalNJ21sI7FHxiWkqqSp8VhrazJPeZLPRnf5CJfpOYJPjsoN3gLsFd5J51rMz0DT23hKrjBEmSkNT7LPw1R5KBkj0axEnaFzbVnWkH5YC2XfbD00uNYpKu+fjf+SyTQFXvuaDGk6Rtw10km1ewDabp5NUkfpeSw9fDgeygh+gxeooS9AIdorfoCE0RQx59Rd/Q9+hL9CP6Gf06p 0ajoec+Wovo9z+Ngfyh</latexit><latexit sha1_base64="KrMj9arifvqM3vZ7oOu0tjEvId8=">AAADEHicbVLNbtQwEPaGv1J+ugVx4mJwkRASqyQX4FbBhWORWFppE60cZ7K11j+R7QArN0/BE3CFJ+ CEuPIG3HkQnDQS3d2OFOnTzDfffJ5MUQtuXRz/GUVXrl67fmPn5u6t23fu7o33732wujEMpkwLbU4KakFwBVPHnYCT2gCVhYDjYvmmqx9/BGO5Vu/dqoZc0oXiFWfUhdR8/ACUo2ohQAbwvAitS64W8zGJJ3EfeBskAyBoiKP5/uhvVmrWdCpMUGtnSVy73FPjOBPQ7maNhZqyJV3ALEBFJdjc9/5b/CRkSlxpEz7lcJ+92OGptHYli8CU1J3azVqXvK w2a1z1Mvdc1Y0Dxc4HVY3ATuNuGbjkBpgTqwAoMzx4xeyUGspcWNnalNJ21sI7FHxiWkqqSp8VhrazJPeZLPRnf5CJfpOYJPjsoN3gLsFd5J51rMz0DT23hKrjBEmSkNT7LPw1R5KBkj0axEnaFzbVnWkH5YC2XfbD00uNYpKu+fjf+SyTQFXvuaDGk6Rtw10km1ewDabp5NUkfpeSw9fDgeygh+gxeooS9AIdorfoCE0RQx59Rd/Q9+hL9CP6Gf06p 0ajoec+Wovo9z+Ngfyh</latexit><latexit sha1_base64="KrMj9arifvqM3vZ7oOu0tjEvId8=">AAADEHicbVLNbtQwEPaGv1J+ugVx4mJwkRASqyQX4FbBhWORWFppE60cZ7K11j+R7QArN0/BE3CFJ+ CEuPIG3HkQnDQS3d2OFOnTzDfffJ5MUQtuXRz/GUVXrl67fmPn5u6t23fu7o33732wujEMpkwLbU4KakFwBVPHnYCT2gCVhYDjYvmmqx9/BGO5Vu/dqoZc0oXiFWfUhdR8/ACUo2ohQAbwvAitS64W8zGJJ3EfeBskAyBoiKP5/uhvVmrWdCpMUGtnSVy73FPjOBPQ7maNhZqyJV3ALEBFJdjc9/5b/CRkSlxpEz7lcJ+92OGptHYli8CU1J3azVqXvK w2a1z1Mvdc1Y0Dxc4HVY3ATuNuGbjkBpgTqwAoMzx4xeyUGspcWNnalNJ21sI7FHxiWkqqSp8VhrazJPeZLPRnf5CJfpOYJPjsoN3gLsFd5J51rMz0DT23hKrjBEmSkNT7LPw1R5KBkj0axEnaFzbVnWkH5YC2XfbD00uNYpKu+fjf+SyTQFXvuaDGk6Rtw10km1ewDabp5NUkfpeSw9fDgeygh+gxeooS9AIdorfoCE0RQx59Rd/Q9+hL9CP6Gf06p 0ajoec+Wovo9z+Ngfyh</latexit>
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FIG. 4. Error correction with ideal NLA. An initial thermal loss channel with τ = 0.5 and ε = 1.05 induces noise into one
arm of a pure two-mode squeezed state σin with squeezing parameter ζ = 0.5. We apply the protocol using a resource state
ρ with squeezing parameter χ = 0.5. In figure (i) we present both the (optimized over teleportation gain) entanglement of
the output state, maxλ{E(σ′out)}, (red solid line), and the entanglement of the distilled resource state, E [Le(ρe)], (red dashed
line), against the NLA gain, g. With solid blue and dashed blue lines we have the entanglement of the output state without
the protocol, E(σout), and the deterministic upper bound of entanglement for this channel, E(LChoi), respectively. We observe
that for g = 1/χ the entanglement of the Choi-state is reached and from then on and until we reach gmax we are into the error
correction area (light blue shaded), i.e., maxλ{E(σ′out)} ≥ E(σout). In figure (ii) the contour lines indicate equally decohering
channels (with parameters τ and v), i.e., channels that decohere the entanglement by the same amount. The yellow triangle
represents the initial channel. Applying the protocol without distilling the resource state, i.e., g = 1, we get the channel shown
with the red dot. Increasing the NLA gain, and specifically for g = 1/χ, we simulate a channel (yellow dot in the graph), that
decoheres the state by the same amount as the initial channel (both channels lie on the same dashed contour line). The best
channel we can simulate is achieved for gmax, and is represented by the blue dot. With red/yellow/blue diamonds we indicate
the corresponding simulated channels of an error correcting protocol based on a less entangled resource state, i.e., χ′ = 0.45.
Thus, we can visually interpret error correction as the process of simulating a channel “closer” to the identity (represented by
the green dot) than the initial one. All quantities plotted are dimensionless.
Thus, the overall condition for error correction is given
by
gmax > 1/χ . (19)
In Fig. A2 of the Appendix B, we provide the set of
channels that can be error corrected with this protocol
for different resource states, taking into account both
the maximum attainable NLA gain, gmax > 1/χ, and
the entanglement-breaking condition, v ≥ 1 + |τ |. As
expected, the success of the error correction protocol is
intimately related with the entanglement power of the
resource state.
The consistent behavior observed before, highlighted
by the relationship between the entanglement of the re-
source and the output state, where the error correction
begins when the resource state reaches the deterministic
upper bound of entanglement, is based on the measure
used in this analysis, i.e., entanglement of formation. If,
instead, we had picked logarithmic negativity as the en-
tanglement quantifier, then there is no apparent connec-
tion between the entanglement of the resource state and
the error correction protocol. In other words, using log-
arithmic negativity we can easily find situations where
the deterministic upper bound of entanglement has been
surpassed while the overall output has not been error
corrected. That implies that from this point of view log-
arithmic negativity in general overestimates the entan-
glement which might lead to erroneous conclusions when
it is used for example in distillation protocols giving a
potentially false positive result. Reaching that physical
bound with entanglement of formation is a significantly
harder task, but as soon as we have reached it then the
distilled entangled state is objectively more entangled
since it is useful to perform tasks such as error correc-
tion discussed above.
D. Error Correction with realistic NLA
When the NLA is experimentally implemented with
linear optics, it consists of N modified quantum scis-
sors devices [53] (schematically presented in Appendix B,
8Fig. A3). The input state is split on an array of beam-
splitters with each mode then being passed through an in-
dividual quantum scissor. The modes are then coherently
recombined to form the output state, with the correctly
amplified state being achieved only when each quantum
scissor heralds successful operation.
In the ideal case, the NLA operation is given by gnˆ.
However, using N quantum scissors the corresponding
operation is given by [49, 54]
TˆN := ΠˆNg
nˆ , (20)
where ΠˆN is the truncation operation defined as
ΠˆN :=
(
1
1 + g2
)N/2 N∑
n=0
N !
(N − n)!Nn |n〉〈n| . (21)
This operation leads to a state truncation in the pho-
ton number basis to order N , with g =
√
(1− ξ) /ξ being
a gain controlled by a tunable beam-splitter ratio, ξ. The
physical construction of the NLA reduces to the ideal one
only in the unphysical asymptotic limit of N →∞.
Successful operation of the NLA decreases exponen-
tially with N , so we consider the case where the NLA
consists of the simplest setup, i.e., a single quantum scis-
sor. The reason for this is two-fold, it represents the
simplest experimental setup and maximizes probability
of success. The single quantum scissor induces the fol-
lowing transformation
Tˆ1(α|0〉+ β|1〉+ γ|2〉+ · · · ) = α|0〉+ gβ|1〉√
1 + g2
, (22)
with all higher order terms being truncated. The effect of
this truncation is to introduce a small amount of excess
noise to the output state. Due to the nature of this op-
eration, the effect of this truncation on large amplitude
input states is severe and will result in a large amount of
excess noise. Therefore, when the NLA is implemented
with a single quantum scissor, the error correction pro-
tocol performs best in the high-loss regime.
In Fig. 5 we show the difference between the NLA gain
needed for error correction for both the realistic and the
ideal NLA implementations. As it is expected the real
NLA needs a higher gain compared to the ideal one.
VII. CONCLUSIONS
In conclusion, we showed that every phase-insensitive
Gaussian channel can be simulated through teleportation
with a physical resource state (Eqs. 10a -10c), and we de-
rived analytical expressions for all the possible states able
to perform this task. We also identified the optimal re-
source states (Eq. 11), i.e., the states with the minimum
requirements in energy and entanglement, using entan-
glement of formation as the entanglement measure. This
result clarifies a previously published work [19], where,
1 1.5 2 2.5 3
0
0.05
E
g
E( out)
max
 
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max
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FIG. 5. Error correction with a quantum scissor. The ther-
mal loss channel that we want to error correct has trans-
missivity τ = 0.01 and noise ε = 1.0002. Both the re-
source and the initial state have squeezing parameter equal
to χ = ζ = 0.5. The red solid line depicts maxλ{E(σ′out)}
for the ideal NLA, and the brown dashed one depicts the cor-
responding maxλ{EQS(σ′out)} for the realistic NLA with one
quantum scissor. As we see the NLA gain needed to cross the
value E(σout) is greater for the realistic NLA compared with
the ideal one. All quantities plotted are dimensionless.
using logarithmic negativity as the entanglement quanti-
fier, pure channels were not able to be simulated with the
optimal resource states. This discrepancy is not surpris-
ing, since logarithmic negativity is not a proper entangle-
ment measure (even though it is an entanglement mono-
tone [17]), and it’s not the first time that its problematic
(inconsistent) behavior has been observed [25, 55]. We
also showed that resource states with entanglement equal
to the Choi-state can simulate channels that decohere an
incoming state in the same way as the initial one, and we
used that fact to generalize an error correction protocol
for noise induced by thermal loss channels.
The next step is to extend this error correction pro-
tocol to other useful Gaussian channels. We should also
note that recently this finite-energy analysis of resource
states has found practical applications to private com-
munication [56–58]. Finally, the consistent behavior of
entanglement of formation identified here (see Eq. 11 and
Fig. 4) implies that it can also be used as a faithful quan-
tifier in concatenated error correction protocols, such as
quantum repeaters [54, 59, 60], where the incoming state
of the first part becomes a resource state of the next part
and so on.
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9Appendix A: Problems with Fidelity
Assuming that we have two quantum states with den-
sity matrices ρ and σ, one way to measure how close one
state is to the other is fidelity [44–47], defined as
F(ρ,σ) :=
(
tr
√√
ρσ
√
ρ
)2
. (A1)
Fidelity has extensively been used in quantum infor-
mation as an indicator of a successful protocol. Even
though this measure gives a physical insight, it should
be used with caution, since comparing non-unity fideli-
ties does not necessarily provide enough evidence that a
state is “closer” to the target one, if by closer we want
to take into account properties like classicality, separabil-
ity, Gaussianity etc. More specifically, if a target state is
an entangled one, and this entanglement is crucial to the
protocol, then finding a separable state which has fidelity
with the target state close to unity doesn’t help at all.
Let us for instance assume that we send a state
through an entanglement-preserving thermal loss chan-
nel L(τ1, ε1) and we calculate the fidelity between the
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FIG. A1. Problems with fidelity. Let us assume that a
pure state with squeezing parameter equal to ζ = 0.8 is going
through both a thermal amplifier channel A(τ2, ε2 = 2.5) and
a thermal loss channel L(τ1, ε1 = 1.01). For different values
of τ1 and τ2 we calculate the fidelity of the input/output state
and we get two sets of states: (i) the set with F1 < F2, colored
with blue (on the left of the solid line, sections I and IV) and
(ii) the ones with no entanglement left, colored with brown
(on the top of the dashed line, sections I and II). As we can
see there is an overlap between those two sets, i.e., section I,
where we have both an entanglement-breaking situation and
F1 < F2. All quantities plotted are dimensionless.
input and output state, F1. Now, before the thermal
loss channel, we introduce an amplifier channel, A(τ2, ε2),
in way that the whole channel A(τ2, ε2)◦L(τ1, ε1) is
entanglement-breaking, and we calculate again the fi-
delity, F2. We might expect that always F1 > F2,
since for the second case all the quantum correlations
are gone and the state passing through an entanglement-
breaking channel is useless for quantum communication,
but we can easily find certain channels L and A for which
F1 < F2. A specific example is presented in Fig. A1.
Appendix B: Noiseless Linear Amplification
1. Effective parameters of the NLA
The effective parameters for a thermal loss channel
{χe, τe, εe} have been computed in Refs. [51, 52], and
are given by
χe = χ
√
2+(g2−1) [ε(τ−1)+τ+1]
2+(ε−1)(τ−1)(g2−1) , (B1a)
τe =
4g2τ
ε+1+(ε−1) [(τ−1)g2−τ ]
× 1
(ε+1)(1−τ)+ [τ+1+ε(τ−1)] g2 , (B1b)
εe =
τ+1+ε [2+ε(1−τ)] +(ε−1) [τ+1+ε(τ−1)] g4
[ε+1−(ε−1)g2]2−τ (ε2−1) (g2−1)2 .
(B1c)
2. Maximum gain of the NLA
In Fig. A2, we present the range of channels that
can be error corrected for resource states with different
squeezing parameters, χ. We take into account both the
maximum attainable NLA gain, gmax ≥ 1/χ, and the
entanglement-breaking condition, v ≥ 1 + |τ |.
3. NLA with quantum scissors
In Fig. A3 we present the components of a quantum
scissor, and how noiseless linear amplification can be con-
structed using an array of N quantum scissors.
10
FIG. A2. Error correction range. We plot the range of
all the possible channels with parameters 0 ≤ τ ≤ 1 and
1 ≤ v ≤ 2 that can be error corrected with the protocol,
based on both the NLA condition, gmax > 1/χ, and the
entanglement-breaking condition, v ≥ 1 + |τ |. It is appar-
ent that for increasing values of squeezing parameter χ, the
set of channels is increased as well. All quantities plotted are
dimensionless.
FIG. A3. NLA with quantum scissors. Each quantum scis-
sor operation, QS, consists of two beam-splitters. The input
signal is mixed on a balanced beam-splitter with an ancilla
signal and both outputs are measured using photon detec-
tors, D1 and D2. The ancilla signal is one of the two outputs
of a single photon passing through a tunable beam-splitter
with ratio ξ, while the other signal is the overall output of
the quantum scissor. Successful quantum scissor operation is
heralded when a single photon is detected at D1 and none
at D2 or vice versa. Using N quantum scissors and two N -
splitters (one to divide and another to recombine the signal)
we can approximate the ideal NLA in the limit of N →∞.
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